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ammalian primordial germ cells (PGCs) proliferate as they migrate from their initial location in the extraembryonic
esoderm to the genital ridge, the gonadal anlage. Once in the genital ridge, PGCs cease dividing and differentiate according
o their gender. To identify ligands that might limit PGC proliferation, we analyzed growth factor receptors encoded in RNA
btained from purified germ cells shortly after their arrival in the genital ridge. Receptors for two members of the TGFb
superfamily were found, TGFb1 and activin. As the signal-transducing domains of both receptor systems are highly
conserved, the effects of both TGFb1 and activin on PGCs would be expected to be similar. We found that both ligands
limited the accumulation of germ cells in primary PGC cultures. BrdU incorporation assays demonstrated that either ligand
inhibits PGC proliferation. These results suggest that these signal transduction pathways are important elements of the
mechanism that determines germ cell endowment. © 1999 Academic PressKey Words: primordial germ cells; EG cells; gonocytes; gonad; TGFb; activin.
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PINTRODUCTION
Proliferation of primordial germ cells (PGCs) in the
mammalian embryo establishes the founding population of
adult gametes. In the mouse, this lineage is first detectable
as a small population of alkaline phosphatase-expressing
cells located in the extraembryonic tissues of the 7.5-day
postcoitus (dpc) embryo (Ginsburg et al., 1990). Over the
next several days of development, the PGCs enter the
embryo and actively migrate to the genital ridges. Migra-
tion temporally overlaps a period of germ cell proliferation.
By 11.5 dpc, the PGCs are located in the genital ridges. PGC
proliferation ceases at about 13.5 dpc, with a final germ cell
population of about 25,000 cells per embryo (Mintz and
Russell, 1957; Tam and Snow, 1981). In male embryos,
PGCs mitotically arrest awaiting reactivation as spermato-
gonial stem cells after birth. In female embryos, the germ
cells also cease mitotic division, but directly enter prophase
I of meiosis (McLaren, 1983).
PGCs may be transiently cultured on mitotically inacti-
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470ated feeder layers. While all functions of the feeder layer
re not known, presentation of a transmembrane-bound
orm of Steel Factor (SLF, stem cell factor) is required for
GC survival (Dolci et al., 1991; Godin et al., 1991; Matsui
et al., 1991). Leukemia inhibitory factor (LIF) also promotes
germ cell survival by suppressing apoptosis (Cheng et al.,
1994; Matsui et al., 1991; Pesce et al., 1993). Even in the
presence of these factors, alkaline phosphatase-expressing
germ cells are detectable only for several days after plating.
However, addition of basic fibroblast growth factor (bFGF)
to PGC cultures results in the efficient isolation of perma-
nent, rapidly dividing cell lines termed EG or embryonic
germ cells (Matsui et al., 1992; Resnick et al., 1992). EG
cells share several morphological and functional character-
istics with teratocarcinoma and embryonic stem (ES) cells.
Similar to ES cells, EG cells can populate all lineages,
including the germ line, following introduction into blas-
tocysts (Labosky et al., 1994; Stewart et al., 1994).
The observation that PGCs express receptors for bFGF
suggests that ligands of the FGF family may directly stimu-
late PGC growth, rather than working indirectly by modu-
lating feeder layer function (Resnick et al., 1998). Further-
more, results from several laboratories indicate that FGFs
are expressed along the PGC migratory route (Drucker and
Goldfarb, 1993; Haub and Goldfarb, 1991; Jacobovits et al.,
0012-1606/99 $30.00
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471Inhibition of PGC Growth1986; Mansour, 1994; Niswander and Martin, 1992; Wilkin-
son et al., 1988) and thus should be available to stimulate
PGC growth in vivo. However, unlike progression to EG
ell status in culture, PGC growth in vivo is limited. This
imitation may indicate the presence of somatic factors that
egatively regulate PGC proliferation.
While several growth factors have been shown to pro-
ote PGC survival and proliferation in culture, TGFb1 is
the only ligand known to reduce PGC accumulation (Godin
and Wylie, 1991). To investigate whether TGFb1 could
directly affect PGCs, we determined whether receptors for
this and related ligands were encoded in the RNA of highly
purified PGCs. We found that PGC RNA does encode
TGFb1 receptors. We were also surprised to find receptors
or activin.
We then investigated the effects of TGFb1 and activin on
GC proliferation. We found that, similar to TGFb1, ac-
ivin limits PGC accumulation in vitro. These ligands
ppear to act by inhibiting germ cell proliferation. Postmi-
ratory germ cells remain sensitive to either ligand. As both
GFb1 and activin are expressed in the genital ridge at the
ime of germ cell colonization (Feijen et al., 1994; Godin
nd Wylie, 1991), these factors likely play an important role
n limiting germ cell proliferation in vivo.
MATERIALS AND METHODS
Primordial Germ Cell Culture, Histochemistry,
and Purification
Recombinant human TGFb1 was purchased from Life Technolo-
ies. Recombinant human activin (bA) was obtained from the
ational Hormone and Pituitary Program. All experiments were
erformed on embryos derived from timed matings of B6C3F1 mice
Jackson Laboratory). 0.5 dpc was taken as the morning on which a
opulatory plug was observed. The stromal feeder line Sl/Sl4 m220
ells expressing the transmembrane-bound form of Steel Factor was
enerously provided by Dr. David Williams. Feeder cells at conflu-
nce in 96-cell wells were irradiated (500 rads) on the day of germ
ell plating. Prior to plating germ cells, the feeder cell growth
edium was aspirated, and the wells were washed with PBS and
efed 200 ml germ cell culture media. To obviate a TGFb-like
activity present in some batches of fetal bovine sera (FBS) (Sakai
and Barnes, 1991), all assays were performed in QBSF-58 serum-free
medium (Quality Biological, Gaithersburg, MD) supplemented
with 100 U penicillin, 50 mg streptomycin, 2 mmol glutamine, and
000 U LIF (ESGRO, Life Technologies) per milliliter. Embryo
ragments containing PGCs were dissociated by 5 min exposure to
rypsin/EDTA at 37°C, followed by trituration by at least 50
assages through a 200-ml pipet tip. After quenching the trypsin
ith FBS-containing medium, the cells were spun at 1500g for 2
in, resuspended in QBSF-58, and plated. Germ cell cultures were
efed daily.
PGC cultures were fixed in 4% paraformaldehyde in PBS and
tained for endogenous alkaline phosphatase with Fast Red TR and
apthol AS-MX (Sigma). Each point represents the mean and
tandard deviation of at least five replicate cell wells. Each experi-
ent has been repeated one to six times, and a representative result
s presented.
Copyright © 1999 by Academic Press. All rightPGCs were immunomagnetically purified using TG-1 antisera as
escribed (Pesce and De Felici, 1995).
RT-PCR Analysis of Receptor Expression
RNA was prepared from purified 11.5 dpc PGCs with RNAzol
according to manufacturer’s instructions (Tel-Test, Friendswood,
TX). The RNA was treated with amplification-grade DNAse I (Life
Technologies) to eliminate any contaminating genomic DNA, and
random-primed cDNA was prepared with Superscript II as recom-
mended by the vendor (Life Technologies). Degenerate primers for
transmembrane serine threonine kinases were designed and PCR
was performed exactly as described (ten Dijke et al., 1993). No band
was detected in amplifications of control cDNAs prepared without
reverse transcriptase. Following amplification, the BamHI and
EcoRI sites included in the primers were digested, and the products
were cloned into pBKS for sequencing.
BrDU Incorporation Assays
Premigratory 8.5 dpc PGCs were plated on feeder cells at an
approximate density of 0.7 embryo equivalents per 96-cell well in
germ cell culture media. Two days after plating, the culture media
were replaced with fresh media containing a 1:1000 dilution of
BrdU labeling reagent (Zymed, San Francisco, CA), incubated for an
additional hour, fixed in ice-cold 70% ethanol, and stained for
endogenous alkaline phosphatase as described above. The cultures
were washed with deionized water and stained for BrdU with
biotin-conjugated anti-BrdU monoclonal antibody as suggested by
the supplier (Zymed).
RESULTS
Transmembrane Serine Threonine Kinase
Receptors Are Encoded in PGC RNA
Godin and Wylie (1991) demonstrated that TGFb1 nega-
tively regulates the accumulation of PGCs in culture. Sub-
sequent molecular characterization of receptors for
TGFb and related growth factors enabled us to investigate
hether PGCs encode receptors for this large family of
igands. Intracellular signaling by this growth factor family
s initiated by ligand binding to a type II receptor. A type I
eceptor is recruited to this complex, phosphorylated by the
ype II receptor, and subsequently activates intracellular
essengers such as SMAD proteins. Both type I and type II
eceptors are transmembrane serine threonine kinases
STKs) and are necessary for signal transduction (Massague
t al., 1997). To identify STKs expressed by PGCs, we
mmunomagnetically fractionated 11.5 dpc PGCs to over
0% purity. PGC RNA was reverse transcribed and PCR
mplified with degenerate oligonucleotides to the amino
cid motifs VAVKI(FL) and YMAPE present in the intracel-
ular kinase domain of most receptors for the TGFb super-
family (ten Dijke et al., 1993). Partial sequence determina-
tions of 30 PCR-generated clones indicated the presence of
TGFb receptors TbR-I and TbR-II, as well as the activin
receptors ActR-IB and ActR-IIB (Table 1). Further analysis
of another 100 clones by more high throughput methods
s of reproduction in any form reserved.
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472 Richards, Enders, and Resnickidentified additional copies of each of these four receptors,
but no other STKs. Recovery within this group of one copy
of the tyrosine kinase c-abl, which has the motifs VAVKTL
and WTAPE in the place of VAVKI(FL) and YMAPE, indi-
cated that the complexity of the original degenerate PCR
was near saturation. Furthermore, we did not recover the
alternative activin receptors ActR-IIA or ActR-IA, which do
have the VAVKIF and YMAPE motifs and may be expressed
in midgestation rodent gonads (Feijen et al., 1994; Kaipia et
l., 1994). Retrieval of only a subset of STKs present in the
nitial urogenital ridge cell suspension supports the asser-
ion that recovered receptors are expressed by PGCs.
TGFb1 and Activin Inhibit Proliferation of
remigratory PGCs in Culture
Expression of TGFb receptors TbR-I and TbR-II by PGCs
suggests that PGCs may respond directly to this ligand.
ActR-IIB functions upstream of ActR-IB (Massague, 1996).
TABLE 1
Transmembrane Serine Threonine Kinase Receptors Encoded
in Primordial Germ Cell RNAa
ActR-IIB
TbR-I (ALK-5)
TbR-II
ActR-IB (ALK-4)
a Highly enriched primorial germ cell RNA was reverse tran-
cribed and PCR amplified with degenerate primers which recog-
ize the amino acid motifs VAVKI(FL) and YMAPE. The resulting
CR product was cloned and the genes encoded in 130 plasmids
dentified. One copy of the c-abl tyrosine kinase gene was also
ound.
FIG. 1. TGFb1 and activin inhibit primordial germ cell accumula
quivalents per well in germ cell culture medium containing the ingerm cells was determined 72 h later. (B) 8.5 dpc PGCs were plated at 0
medium (E) or medium containing 10 ng TGFb1/ml () or 10 ng activi
Copyright © 1999 by Academic Press. All rights the intracellular serine threonine kinase domains of
bR-I and ActR-IB are 97% conserved, it is likely that
activation of either type I receptor would have similar
effects (Carcamo et al., 1995). The consequence of activat-
ing either of these receptor pathways in germ cells was
investigated by plating 8.5 dpc PGCs on SLF expressing
Sl/SL4 m220 feeder layers. The presence of either TGFb1 or
ctivin resulted in a concentration-dependent reduction in
he accumulation of PGCs at the third day of culture (Fig.
A). In this experiment, PGC numbers were reduced from
76.2 6 22.5 (mean 6 standard deviation) to 113.0 6 13.9
for 10 ng TGFb1/ml or to 90.0 6 11.8 for 10 ng activin/ml
P , 0.001 by Student’s t test). In longitudinal assays, PGCs
lated in either ligand were maintained at near-baseline
umbers over several days of culture (Fig. 1B).
Several mechanisms, such as cell death or loss of alkaline
hosphatase expression, could explain the reduction of
GCs numbers observed in the presence of TGFb1 or
ctivin. To determine whether these ligands inhibit PGC
roliferation, we performed BrdU incorporation assays.
remigratory 8.5 dpc PGCs were plated on feeder layers and
he level of BrdU incorporation was determined 48 h later.
e found that 59.5 6 5.7% of PGCs incorporated BrdU
uring a 1-h pulse, a level similar to that reported by other
nvestigators (Cooke et al., 1996). In the presence of TGFb1
only 45.3 6 4.2%, or in the presence of activin 44.8 6 3.6 %,
f the PGCs incorporated BrdU, indicating that inhibition
f germ cell proliferation is a mechanism of TGFb1 and
activin action (Fig. 2).
Postmigratory PGCs Remain Sensitive to TGFb1
and Activin
Upon completion of migration to the genital ridge by
embryonic day 11, PGCs continue to proliferate for an
additional 2 to 3 days. 10.5 dpc PGCs were also tested to
n culture. (A) 8.5 dpc PGCs were plated at a density of 0.5 embryo
ed amounts of TGFb1 () or activin (n). The number of primordialtion i
dicat.5 embryo equivalents per well in either control germ cell culture
n/ml (n).
s of reproduction in any form reserved.
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473Inhibition of PGC Growthdetermine whether postmigratory germ cells retained sen-
sitivity to these ligands. The presence of either ligand again
abrogated proliferation of these more mature germ cells
(Fig. 3).
Because germ cells interact intimately with somatic cells
(Reviewed by Buehr, 1997) it is possible that somatic cells
are necessary to mediate the effects of TGFb1 or activin. As
means to exclude this mechanism, we determined
hether immunomagnetically purified 11.5 dpc PGCs
ould also respond to these ligands. PGCs enriched to over
0% purity remained highly sensitive to either TGFb1 or
ctivin, indicating that the somatic cells of the genital ridge
re unnecessary for ligand activity (Fig. 4).
FIG. 2. TGFb1 and activin inhibit primordial germ cell prolifera-
tion. 8.5 dpc PGCs were plated at 0.7 embryo equivalents per well
as described in the legend to Fig. 1B. Incorporation of BrdU during
a 1-h pulse was determined 48 h after plating. The differences
between control and ligand-treated cultures are significant at P ,
0.01.
FIG. 3. Postmigratory PGCs are sensitive to TGFb1 and activin.
PGCs in suspensions of 10.5 dpc urogenital ridges were plated at
0.3 embryo equivalents per well in control medium (E) or media
containing 10 ng TGFb1/ml () or 10 ng activin/ml (n).
Copyright © 1999 by Academic Press. All rightDISCUSSION
We report here that PGC proliferation is inhibited by two
related growth factors, TGFb and activin. Both premigra-
ory 8.5 dpc and postmigratory 10.5 to 11.5 germ cells are
ensitive to these ligands. Three lines of evidence argue that
hese ligands exert their effects directly on PGCs, rather
han modulating the activity of somatic cells present in the
ulture assay. First, we detected receptors for both TGFb
and activin in the RNA of highly purified PGCs (Table 1).
Second, somatic cells of the embryo are not necessary to
mediate PGC response to either ligand (Fig. 4). Finally,
similar concentrations of these ligands inhibit PGC prolif-
eration on two other feeder cell lines, STO and NIH3T3
(unpublished observations). We also consider it unlikely
that the PGC response to these ligands is mediated by
receptors other than those identified in our screen. TbR-II is
the only type II receptor currently known to bind TGFb1. In
addition to the ActR-IIB receptor identified in our screen,
another type II activin receptor is recognized, ActR-IIA.
Although ActR-IIA is likely to be present in fetal gonad
(Kaipia et al., 1994), we could not detect this receptor in
highly purified PGC RNA preparations, even with gene-
specific primers (data not shown).
Activin consists of a homo- or heteromeric dimer of two
subunits, bA and bB. Mice lacking both subunits have
recently been described. While these mice have several
reproductive defects, alterations in the number of fetal
germ cells were not noted (Matzuk et al., 1995). Several
mechanisms could prevent detection of alterations of germ
cell numbers in activin-deficient embryos. For example, Oh
FIG. 4. Purified PGCs respond to TGFb1 and activin. PGCs were
immunomagnetically purified from 11.5 dpc embryos and plated in
control medium or media containing 10 ng/ml of the indicated
ligand. Germ cell numbers were determined 48 h after plating. This
PGCs preparation was over 80% pure as determined by alkaline
phosphatase staining of a cytocentrifuged sample of the purified
fraction. Control wells stained 6 h after plating contained 17.2 6
2.9 PGCs per well. (F) Significant at P , 0.0001.and Li (1997) found that embryos lacking the ActR-IIB
receptor exhibit a number of defects distinct from activin
s of reproduction in any form reserved.
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474 Richards, Enders, and Resnickligand-deficient embryos. These observations strongly sug-
gest that ActR-IIB responds to other ligand(s) in addition to
activin. Other ligands may therefore substitute for activin
in controlling germ cell numbers through the ActR-IIB
signaling pathway. Alternatively, functional complementa-
tion by TGFb may also mitigate the detection of germ cell
number defects in activin-deficient embryos.
Mechanisms governing germ cell migration are poorly
understood. Steel factor is expressed along the migratory
route (Keshet et al., 1991), and signaling through the SLF
receptor, c-kit, appears to be necessary for PGC survival
during migration (Bernex et al., 1996; Buehr et al., 1993;
McCoshen and McCallion, 1975). Godin et al. (1990) found
that PGCs will migrate toward genital ridges or genital
ridge-conditioned media. Purified TGFb1 can partially sub-
titute for this chemoattractant activity (Godin and Wylie,
991). However, the three mammalian TGFb ligands are
very widely expressed in the embryo (Pelton et al., 1991),
and a putative TGFb1 gradient might not effectively lead to
the genital ridge. During the period of migration, activin is
more selectively expressed. In situ hybridization analysis
suggests that the genital ridge expresses the highest level of
activin bB subunit and is a site of bA expression (Feijen et
l., 1994). Selective activin expression in the genital ridge,
erhaps at higher effective concentrations than TGFb1,
ay contribute to regulation of germ cell migration.
Aside from their potential roles in migration, activin and
GFb1 are present in the genital ridge at the time of germ
ell colonization and could be available to limit PGC
roliferation. We are currently characterizing ActR-IIB-
eficient embryos to better understand the role of this
ignaling pathway in fetal germ cell development.
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